Mechanical stimulation has been proposed to induce chondrogenesis in cell-seeded scaffolds. However, the effects of mechanical stimuli on engineered cartilage may vary substantially between different scaffolds. This advocates for the need to identify an overarching mechanobiological variable. We hypothesize that energy dissipation of scaffolds subjected to dynamic loading may be used as a mechanobiology variable. The energy dissipation would furnish a general criterion to adjust the mechanical stimulation favoring chondrogenesis in scaffold. Epiphyseal chondro-progenitor cells were then subject to unconfined compression 2 h per day during four days in different scaffolds, which differ only by the level of dissipation they generated while keeping the same loading conditions. Scaffolds with higher dissipation levels upregulated the mRNA of chondrogenic markers. In contrast lower dissipation of scaffolds was associated with downregulation of chondrogenic markers. These results showed that energy dissipation could be considered as a mechanobiology variable in cartilage. This study also indicated that scaffolds with energy dissipation level close to the one of cartilage favors chondrogenic expression when dynamical loading is present.
Introduction
Mechanical stimulation has been demonstrated to be one of the strategies for enhancing chondrogenesis and improving the mechanical properties of cell-based constructs [1e4]. Li and coworkers have shown that frequency and amplitude of dynamic compression modulate chondrogenesis of human bone marrow mesenchymal stem cells seeded in polymeric scaffolds [5] . However, specific frequency and amplitude may induce an effect in a particular scaffold that would be different in another. Indeed, the effects of mechanical stimuli on engineered cartilage may vary substantially between different scaffold types [6] , probably because of different cellescaffold interaction [7] . Consequently, interplay between dynamic compression and cellematrix interaction may inhibit [8] or induce [9] the formation of cartilage-like tissues by chondrocytes. The conflicting results regarding the beneficial effect on chondrogenesis of a dynamic compression advocate to identify an overarching mechanobiological variable. This variable could then be used as a general criterion to adjust the mechanical stimulation favoring chondrogenesis in scaffold under mechanical stimulation.
Energy dissipation is a typical characteristic of viscoelastic materials such as polymeric scaffolds or articular cartilage [10] . Dissipation in cartilage relies on two internal mechanisms during deformation [11] . These mechanisms arise from the biphasic nature of articular cartilage, composed of a solid phase and liquid phase as modeled by Mow et al. [12] . The first internal dissipative mechanism, called intrinsic viscoelasticity, is due to solidesolid interactions in the cartilage extracellular matrix [13e16] . Those interactions are characterized by mechanical friction, chemical and electrostatic interactions, as well as physical entanglements between solid components of articular cartilage [14] . The second internal dissipative mechanism, called frictional drag, results from fluidesolid interactions. When articular cartilage is compressed, fluid movement occurs inducing frictions relative to the solid phase [12] . The two dissipative mechanisms may influence the cells behavior, either mediated by the glycocalix in response to fluid shear stress, or initiated by the force-induced unfolding of ECM proteins [17] .
The dissipative properties of cartilage are usually characterized by hysteresis stressestrain curve [18] . In this work, we propose to consider energy dissipation as an overarching mechanobiological variable measured through a hysteresis curve because: (i) it encompasses all dissipative mechanisms related to solid and fluid phases, which may affect cell behavior; (ii) it is correlated to the tissue or scaffold microstructure (e.g. crosslinking and
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Petri dish Cover Scafffold b a Fig. 1. (a) . The custom-made bioreactor used to mechanically stimulate the cellescaffold constructs. It consists of different testing chamber (up to six), each of which is composed of a petri dish containing a group of cellescaffold constructs stimulated with a piston. All the testing chambers are loaded simultaneously with a plate, having a parallelism tolerance with pistons of 50 mm. The overall system is mounted on the Electropuls Dynamic Test System. (b) Scheme of a testing chamber, which loads a group of five cellescaffold constructs. 4% scaffolds 6% scaffolds 8% scaffolds a b Fig. 3 . Distribution of (a) pores size and (b) structure size in p(HEMA-co-EGDMA) scaffolds having 4%, 6% and 8% crosslinkers. For each group of scaffold n ¼ 3. entanglement); (iii) it is related to tissue or scaffold mechanical properties; and (iv) it is dependent on parameters of the mechanical stimulation, thus allowing to tune the dissipation level. We hypothesize that chondrocyte behavior is sensitive to dissipation, having maximum chondrogenic expression at a dissipation level close to the one of normal healthy cartilage. The aim of the present study is thus to assess the effect of energy dissipation on chondrogenic expression of polymeric scaffolds under mechanical load.
Material and methods
2.1. Poly-(2-hydroxyethyl methacrylate-co-ethylene glycol dimethacrylate) (p(HEMA-co-EGDMA)) scaffolds preparation Different formulations of HEMA-based scaffolds were prepared in order to induce different levels of dissipation when subjected to the same loading in terms of frequency and amplitude of stimulation. The levels of dissipation were chosen to span the values between cartilage dissipations of healthy and degenerated samples. Scaffolds were prepared by a salt leaching method to obtain a macroporous structure. Briefly, 932 ml of 2-hydroxyethyl methacrylate (HEMA) were mixed with 38 ml ammonium persulfate water solution (0.438 M), 38 ml sodium metabisulfite water solution (0.526 M) and with ethylene glycol dimethacrylate (EGDMA). This latter was used as a crosslinker and its percentage was calculated as mol EGDMA /mol HEMA . Solutions with 4%, 6%, and 8% crosslinker were prepared and were poured in cylindrical molds (8 mm in diameter and 2 mm in height) containing salt and heated at 65 C for 2 h to polymerize. The scaffolds were washed with bi-distilled water for 72 h in order to remove the salt, leaving a macroporous structure. The height was verified to be identical for all the scaffolds with a caliper having the precision of AE10 mm.
Scaffolds were autoclaved 20 min at 100 C for sterilization. The aim of using different concentrations of crosslinker was to obtain different levels of dissipation given a same loading (same amplitude and frequency). The salt leaching technique was used to keep the same macroporous structure between the scaffolds that have different amounts of crosslinker, as previously shown [19] .
Structure of p(HEMA-co-EGDMA) scaffolds
Scaffold morphologies were determined by micro-computed tomography (Skyscan 1076, Bruker-microCT, Kontich, Belgium). The measurement parameters were set as follows: spatial resolution 18 mm, voltage 40 kV, current 100 mA, exposure time 400 ms and rotation step 0.42 , without filter. The images were reconstructed using Nrecon software (Bruker-microCT). Structural parameters such as porosity, pore size and structure thickness (thickness of the cell walls) were obtained using CTAn software (Bruker-microCT). Distribution graphs were plotted to examine differences in morphologies between the scaffolds that have different amounts of crosslinker (n ¼ 3).
Scanning electron microscopy (SEM) of p(HEMA-co-EGDMA) scaffolds
Surface topographic features including pores, pillars, or grooves influence cellular behavior [20] . SEM was used to verify that the topography is the same between the scaffolds having different amounts of crosslinker. Cross-sections (500e 1000 mm thick) of scaffold were dehydrated by cryo-lyophilization (freeze dryer Alpha 1-4, CHRIST GmbH, Osterode, Germany). The samples were then mounted on double-sided carbon tabs and coated with a 25 nm layer of gold/palladium. The samples were imaged using a XLF30-FEG instrument (FEI, Hillsboro, Oregon, USA) at an accelerating voltage of 5 kV, with a 3 mm working distance and an 11 mm aperture.
Mechanical properties of p(HEMA-co-EGDMA) scaffolds
Energy dissipation and damping ratio of the scaffolds were quantified. Unconfined compression tests were made using an Electropuls Dynamic Test System (Instron E3000, Instron, Norwood, Massachusetts, USA) on cylindrical specimens immersed in deionized water at room temperature placed in a custom-made set-up. Prestrain of 10% was applied, followed by a sinusoidal compressive load of 10% amplitude at a frequency of 1 Hz. The dissipation was calculated from the loade displacement graphs as the integral of the area enclosed by the hysteresis curve. The damping ratio was calculated as the energy dissipation divided by the total energy given to the system for maximum displacement. A t-test was used to examine the differences in dissipation between the scaffolds that have different concentrations of crosslinker (n ¼ 4).
Mechanical testing of cartilage samples
We compared the dissipation of scaffolds with dissipation of cartilage. Hence, human cartilage samples were punched (8 mm diameter) from the femoral head of donors who have undergone hip arthroplasty (Centre Hospitalier Universitaire Vaudois Ethics Committee Protocol # 264/12). The samples were taken from different sites, three samples were punched close to the site of degeneration (<2 cm), and the others more than 2 cm further away. We defined each sample as "healthy" or "degenerated" depending on the their dynamic stiffness, as it has been shown that in osteoarthritic cartilage dynamic stiffness is 70% lower than in healthy cartilage [21] . Unconfined mechanical loading was performed as described previously for the scaffolds. The dynamic stiffness was measured as the slope between the maximum forceedisplacement and the minimum forceedisplacement.
Human epiphyseal chondro-progenitors cells (ECPs) culture
Human ECPs were isolated from the proximal ulnar epiphysis of a 14-week gestation donor (Centre Hospitalier Universitaire Vaudois Ethics Committee Protocol #62/07). The isolation procedure was carried out according to our previous work [22] . Monolayer expansions were performed in standard tissue culture polystyrene flasks containing 10 ml Dulbecco's Modified Eagle Medium (DMEM) with 25 mM dextrose and 1 mM sodium pyruvate (Life Technologies Ltd., Paisley, UK), 5.97 mM L- Fig. 4 . SEM images of p(HEMA-co-EGDMA) scaffolds having (a) 4%, (b) 6%, and (c) 8% crosslinker.
glutamine (Life Technologies Ltd.), 10% fetal bovine serum (Sigma, St. Louis, MO, USA). Human ECPs were seeded at 3300 cells/cm 2 , placed in standard humidified tissue culture incubators at 37 C with 5% CO 2 until reaching 90% confluence.
Cellescaffold constructs preparation
Since different groups of scaffold having different amounts of crosslinker were considered, it was important to have identical cellescaffold interface for the different groups, thus avoiding cellular behavior to be biased by different celle scaffold interfaces. Therefore all the scaffolds were coated with fibronectin to obtain a similar interface between the cells and the scaffold. For that purpose, scaffolds were placed in 2 ml syringes and were coated by perfusing 300 ml of a fibronectin solution (10 mg/ml, SigmaeAldrich, St. Louis, Missouri, USA), and incubated 2 h at room temperature to allow adsorption of the fibronectin. Then the scaffolds were thoroughly washed with PBS and seeded with 300 ml cellesolution resuspended in medium at a concentration of 3$10 6 cells/ml. Constructs were transferred to 35 mm containing DMEM with 10% FBS, 1% L-glutamine and 1% PS for 4 days pre-incubation before mechanical testing.
Cell viability and adhesion
The LIVE/DEAD Ò Viability/Cytotoxicity staining kit (Invitrogen, Life Technologies
Ltd., Paisley, UK) was used to qualitatively assess live and dead cells up to 28 days after seeding. Immunostaining of actin filament and fibronectin was used to verify cell adhesion on scaffolds after 4 days pre-culture just prior to the mechanical stimulation. Briefly, cell-seeded scaffolds were washed with PBS, fixed in 4% paraformaldehyde for 10 min at room temperature then washed thoroughly with PBS before proceeding to permeabilize cell membranes with a 0.2% solution of Triton-X in PBS for 20 min at room temperature. The permeabilizing solution was then washed with PBS before incubating in the dark for 1 h at room temperature in a solution containing rabbit anti-fibronectin (1:100, SigmaeAldrich, St. Louis, Missouri, USA). This primary antibody was washed prior to incubation in the dark for 1 h with a secondary antibody (donkey anti-rabbit Alexa 568, 1/800, SigmaeAldrich, St. Louis, Missouri, USA) to stain fibronectin. In parallel to the secondary antibody, AlexaFluor 488 Ò conjugated Phalloidin (1:100, Invitrogen, Life Technologies Ltd., Paisley, UK) was incubated in a 1% BSA solution in PBS to stain actin fibers. Samples were washed with PBS and cell staining was visualized using the Zeiss LSM 700 inverted confocal microscope (Carl Zeiss, Jena, Germany).
Intermittent dynamic mechanical stimulation of cells
After a preliminary culture of 4 days, half of the cellescaffold constructs were subject to intermittent dynamic stimulation (loaded group) and half remained in free swelling (control group). Each group was constituted of scaffolds (n ¼ 5) having respectively 4%, 6% and 8% crosslinker. The five constructs of each scaffold type were placed in a same testing chamber of a stimulation system developed in our laboratory (Fig. 1) . All the scaffolds were subject to the same mechanical stimulus in parallel. An initial 10% pre-strain was applied, followed by a sinusoidal compressive loading with 10% amplitude at a frequency of 1 Hz for 2 h. After the unconfined compression test, specimens were unloaded and incubated for 22 h to allow constructs to recover. Experiments were conducted for 4 consecutive days. Constructs of the free-swelling group were subject to the same conditions except compression tests. Half of the culture medium was changed every day before the compression test for all the groups. At the fourth day of testing, immediately after mechanical stimulation gene expressions of the loaded and the free-swelling groups were analyzed.
Gene expression
Total RNA was extracted using NucleoSpin Ò RNA XS kit (MachereyeNagel, Düren, Germany) according to the manufacturer's instructions. Prior to extraction, the scaffolds were milled using an Ultra-Turrax Ò disperser (IKA-WERK GmbH & Co., Staufen, Germany). The RNA was quantified using Nanodrop ND-1000 Spectrophotometer (Witec AG, Pfäffikon, Switzerland), and 500 ng RNA was reversed transcribed into cDNA using Taqman Ò Reverse Transcription Reagents (Applied Biosystems, Life Technologies Ltd., Paisley, UK). Quantitative PCR was performed using the Fast SYBR Ò Green PCR Master Mix (Applied Biosystems) as well as primers synthesized by Microsynth (Balgach, Switzerland) for Sox9, Acan, Col2a1, TGF-beta3 and the housekeeping genes B2M (Table 1S , Supplementary data). Sox9, Col2a1, Acan and TGF-beta3 were chosen as biological targets to quantify how mechanical stimulation may regulate their expression [3, 23, 24] . They are essential targets, since they are markers of chondrogenesis expressed early during differentiation and are present throughout the different zones of cartilage [25] . Efficiency of the primers was determined using cDNA dilutions over 4 decades, and ranged from 89 to 110%. Ten ng cDNA were added to each well of the reaction plate (MicroAmp Fast Optical 96-well, Applied Biosystems). The StepOnePlus Real-Time PCR system (Applied Biosystems) was used to perform the quantitative PCR. Gene expression data was processed following the comparative Ct method [26] , normalizing gene expression levels by that of the housekeeping gene. For each scaffold group having the same crosslinker amount, the normalized gene expression level of the corresponding the free-swelling scaffolds was used as a biological reference. A t-test was used to examine the differences in gene expression results (n ¼ 5).
Results

p(HEMA-co-EGDMA) scaffolds
Micro-computed tomography of the different scaffold groups showed interconnectivity between the pores (Fig. 2) , with distributions of pore size and of structure thickness similar between groups of scaffold (Fig. 3) . The mean values of all the scaffolds for pore size and structure thickness were 184 mm and 140 mm respectively. The mean porosity was 67% with 99% open pores. SEM images showed that the surface topography was similar between the different groups of scaffold, and no apparent micro-porosity was present (Fig. 4) .
Dynamic stiffness of cartilage obtained less than 2 cm from the site of degeneration was 52 AE 27 N/mm while dynamic stiffness of the samples punched further away (>2 cm) was 171 AE 45 N/mm. It can be concluded from these measurements that healthy and degenerated cartilages were obtained from the samples biopsy. Under an identical dynamic compression, the dissipation was higher for scaffolds with higher amount of crosslinker (Fig. 5.a) . The dissipation of the 8% scaffold group was close to the dissipation of healthy cartilage. Damping ratios were around 0.7 except for the 4% scaffold group, which was around 0.6. The damping ratios were much higher in all the scaffolds compared to the damping ratios of cartilage (Fig. 5.b) .
Cell viability and adhesion
Cell viability after 28 days was good for all the different groups as shown in Fig. 6 . Cell adhesion on scaffolds was verified by immunohistochemistry performed on fibronectin-coated scaffolds and on non-coated scaffolds as control. For those latter, fibronectin deposed by cells and cells actin fibers may be observed in Fig. 7 . It can be noticed that cells do not secret fibronectin on scaffolds with low percentage of crosslinker, while they produce more fibronectin on scaffolds with higher percentage of crosslinker. Therefore, without coating the cellescaffold interface is not the same between the different groups of scaffold. Immunohistochemistry performed on fibronectin-coated scaffolds showed homogeneous distribution of the fibronectin allover the scaffold surface. A stretching of the actin fibers was also observed, which is a sign of a good homogeneous adhesion of the cells to the scaffold surface (Fig. 7) .
Modulation of chondrogenic expression by energy dissipation of scaffolds
The chondrogenic expression profiles for cellescaffold constructs presenting different dissipation are reported in Fig. 8 . In general, an upregulation is observed for all the genes with an increase of scaffold dissipation. Indeed, the 8% scaffolds were those that had the closest dissipation level to the dissipation of healthy cartilage, and it is also the group of scaffolds for which maximal mRNA level was observed for TGF-beta3, Sox9, Acan, and Col2a1. The 4% scaffolds were those that had the closest dissipation level to the dissipation of degenerated cartilage, and it is also the group of scaffolds for which minimal mRNA level was observed for Sox9, Acan, and Col2a1. Downregulation was even observed in 4% scaffolds for Acan compared to the free-swelling group.
Discussion
Cartilage displays viscoelastic behavior [13,15,27e33 ] that arises from the complex structure and interactions of its biochemical constituents: mostly water, electrolytes, and a solid matrix composed primarily of collagen and proteoglycans [34] . A characteristic of viscoelasticity is the energy dissipation during dynamic stimulation. The goal of this study was to evaluate dissipation as mechanobiological variable affecting chondrogenic expression. Thus, scaffolds dissipating differently under identical loading and having the same structure and cellescaffold interface were developed. The scaffolds were seeded with epiphyseal chondroprogenitors cells and were subject to unconfined compression 2 h/day during 4 days. In general, higher dissipation close to dissipation of healthy cartilage had maximal mRNA level for chondrogenic markers, while scaffolds with lowest dissipation close to the dissipation of degenerated cartilage had minimal mRNA level for chondrogenic markers.
Some studies have shown the beneficial effect of dynamic unconfined compression on chondrogenesis, such as increase of GAGs deposition by mesenchymal stem cells [9, 35] , upregulation of chondrogenic markers and signaling receptors [3, 36] . However, none of these studies has directly related the chondrogenic response to dissipation. Nevertheless, some works have reported indirectly the effect of dissipative phenomena such as the influence of pressure variations due to fluid flow in the synthesis of matrix in engineered cartilage [37] . Indeed, fluid flow is one of the mechanisms that affect chondrocytes behavior [38] . The relevance of using hysteresis curve as a mechanobiological variable lays in the fact that it encompasses not only the dissipative effects linked to fluid flow phenomena, but also those of the solid matrix, which can as well induce mechanotransduction.
The suggestion of dissipation as a variable in mechanobiology has already been proposed for bone. Indeed, in vitro deformation of neonatal mouse bone at different frequencies and amplitudes has shown greatest anabolic responses at maximal energy dissipation [39] . Likewise, a model has been proposed for bone adaptation based on cyclic energy dissipation as measure of bone damage creation [40] . This formulation based on dissipation gave more accurate predictions than the ones given by the strain energy based adaptation theories. Actually, the latter consider tensile and compressive strains identically, while dissipative formulations gave a better fitting of the experimental data in tension, which were different than in compression [41] .
In this study, we observed upregulations that were in the range of 2-to 3-fold increase in mRNA expression for Sox9 and Acan. This range is similar to the upregulations for same genes in mesenchymal progenitor cells dynamically stimulated without any external addition of growth factors [4] . The 22-fold increase in Col2a1 mRNA level showed the clear beneficial effect of higher dissipation on chondrogenic expression (Fig. 8.d) . In our study, TGFbeta3 mRNA level was also upregulated subsequent to cyclic compression, indicating that the chondrogenic marker alteration may have been through the TGF-beta pathway, as previously observed in other studies [23, 36] .
We measured in this study, not only the value of scaffold energy dissipation, but also their damping ratio. Significant difference of the 6% and 8% scaffold compared to the 4% scaffold was associated with a difference in chondrogenic expression, sustaining the fact that a higher viscous component induces higher cellular effects. This viscous component in cartilage is governed by the proteoglycans. Indeed, digestion and removal of proteoglycans alone with cathepsin D caused the damping coefficient to decrease with no change in elastic stiffness [42, 43] . Interestingly, it is also the proteoglycans, namely heparan sulfate, which mediate interstitial flow mechanotransduction [44, 45] . Thus, the assumption of a viscous dissipation effect in cartilage mechanobiology is also supported by the role of proteoglycans to simultaneously govern viscosity and cartilage mechanobiology.
We have shown in this study that dissipation levels close to cartilage dissipation induced the highest chondrogenic expression of mechanically stimulated cell-seeded scaffolds, suggesting dissipation as a variable to tune the mechanical stimulation and to design scaffolds.
Conclusions
The goal of this study was to evaluate the effect of dissipation on chondrogenic expression. We developed p(HEMA-co-EGDMA) scaffolds having different levels of dissipation for an identical dynamic deformation. On a cellular level, we showed that chondrogenic expression of human chondro-progenitors cells was sensitive to dissipation. Higher dissipation levels close to cartilage dissipation upregulated the mRNA of chondrogenic markers. In contrast lower dissipation of scaffolds was associated with downregulation of chondrogenic markers. These results showed that energy dissipation could be involved in cartilage mechanobiology and that scaffold with energy dissipation value close to the one of healthy cartilage dissipation favors chondrogenesis when dynamical loading is present. 
